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Abstract Large polysaccharide molecules composing the gly-
cocalyx have been shown to prevent cell adhesion. However, this
process was not observed microscopically. Terbium labeling,
combined with a new quantitative imaging method based on
electron energy loss spectroscopy, allowed specific glycocalyx
staining with excellent contrast. Image analysis enabled us to
compare glycocalyx structure in free membrane areas and
contacts between monocytic cells and bound erythrocytes.
Apparent glycocalyx thickness, in contact areas, was half of
the sum of glycocalyx thicknesses in free areas without label
density increase. Ultrastructural immunogold localization of
CD43 molecules, a major component of glycocalyx, was also
demonstrated to be excluded from contact areas during adhesion.
Thus, both approaches strongly suggest that some glycocalyx
elements must exit from contact to allow binding of adhesion
molecules.
z 1998 Federation of European Biochemical Societies.
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1. Introduction
Adhesive interactions play an important role in many stages
of the immune response, including antigen presentation [1],
T-cell^B-cell interaction [2], T-cell mediated cytotoxicity [3]
or phagocytosis of foreign particles [4].
Over the last few years, it has become apparent that the
pericellular matrix might play an important regulatory role in
adhesion. Indeed, it has long been reported that essentially all
eukaryotic cells [5], including cells from the immune system
[6], are coated with an electron light region several tens of
nanometers thick. This size is markedly higher than the length
of many adhesion molecules of the immune system [7]. These
molecules correspond to two immunoglobulin domains, i.e.
about 8 nm [8]. It is therefore easily conceivable that the
presence of the cell coat during cell-to-cell approach might
decrease adhesion e⁄ciency [9].
Formation of extensive intercellular contact areas might
require (i) compression of cell coat molecules, (ii) migration
of repellers out of contact areas, and (iii) shedding of cell coat
elements, and adhesion might be possible only in areas of the
cell surface relatively depleted of glycocalyx elements.
In the present work, we tried to obtain some information
on the above mechanisms by studying a model system. We
chose to explore the interaction between immunoglobulin
coated erythrocytes and human phagocytic THP-1 cells [10];
the advantages of this model are: (i) adhesion is biologically
relevant since it is conducive to phagocytosis [11], (ii) red cells
are fairly inert, which may facilitate data interpretation, and,
at the same time (iii) they are surrounded by a fairly ‘realistic’
model of biological surfaces, and (iv) adhesion is mediated by
Fc receptors and immunoglobulins of known structure.
In order to monitor the behavior of the cell coat during
adhesion, we chose to obtain quantitative information on
the structure of intercellular contact regions once the matrices
were revealed by carbohydrate staining. Terbium, which selec-
tively stains the glycoproteins and the proteoglycans [12], may
be used to obtain quantitative information on the chemical
composition of the glycocalyx when combined with an anal-
ysis technique such as electron energy loss spectroscopy
(EELS), which allows quantitative determinations of the dis-
tribution of selected elements on electron microscopic images
(ESI) [13^21]. In a previous work, we developed a method
which makes it possible to perform quantitative imaging of
terbium distribution with nanometer resolution. This method
was called ‘imaging-spectrum’ [22,23]. We decided to obtain
quantitative information on the size and density of the
terbium stained glycocalyx molecules of free and intercellular
contact regions.
We also tried to obtain some information on the above
mechanism by studying the behavior of CD43 in the same
model of adhesion. The CD43 molecule was chosen because
this large [24] mucin-like glycoprotein [25] with numerous
sialic acid moieties mediates an anti-adhesive e¡ect. This mol-
ecule contributes to the glycocalyx and is involved in activa-
tion [26], adhesion [27] and inhibition of adhesion [28^30] in
several immunological cells. Moreover, CD43 is altered in the
Wiskott-Aldrich syndrome [31^33] and its role has not been
fully elucidated in macrophages [34]. We localized CD43 at
the ultrastructural level by immunogold and followed its be-
havior after adhesion. With the two approaches, we show the
escape of some glycocalyx molecules from contact areas.
2. Materials and methods
2.1. Cells
The human monocytic (macrophage) THP-1 cell line [10] was cul-
tured in RPMI 1640 medium (Biowhittaker, Verviers, Belgium), sup-
plemented with 25 mM HEPES, 10% fetal calf serum (Biowhittaker),
2 mM L-glutamine (Biowhittaker), 50 U/ml penicillin (Biowhittaker),
50 Wg/ml streptomycin (Biowhittaker) and 2U10U5 M L-mercapto-
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ethanol (Sigma, St. Louis, MO USA). Cells were incubated at 37‡C
with 5% CO2 and 100% humidity and subcultured 2^3 times a week.
After each incubation period, cells were counted and viability was
assessed by the trypan blue exclusion test. Sheep red blood cells
(RBC) were purchased from Bio-MeŁrieux (Lyon, France) and used
less than 1 month after delivery.
2.2. Adhesion tests
THP-1 cells were collected, washed three times in PBS and sus-
pended at a concentration of 5U106 cells/ml in 200 Wl PBS, pH 7.2.
Sheep RBC were opsonized with anti-sheep RBC antibodies (1/50)
(Sigma) at 4‡C, washed three times in PBS and suspended at a con-
centration of 108 cells/ml. 100 Wl of the suspended erythrocytes were
allowed to adhere to THP-1 cells by centrifugation at 1200Ug for 20 s
at 20‡C in the presence of 0.03% sodium azide to avoid phagocytosis.
Pellets were ¢xed in PBS containing 0.75% glutaraldehyde (Fluka,
Buchs, Switzerland) and observed under the microscope. Adhesion
was de¢ned as the number of THP-1 cells binding at least two
RBC. These conditions, determined by preliminary experiments,
yielded about 60% adhesion. Non-opsonized RBC did not adhere to
THP-1 cells in the same conditions.
2.3. Conventional electron microscopy
For conventional transmission electron microscopy (TEM), cells
were ¢xed in 2.5% glutaraldehyde in 0.2 M cacodylate bu¡er, pH
7.2, rinsed twice and post¢xed for 1 h in 1% osmium tetroxide in
the same bu¡er. After dehydration in alcohols, cells were embedded
in Araldite. Ultrathin sections were obtained with a Reichert Ultracut
microtome and observed without any counterstaining in a Jeol 400C
(Japan) electron microscope.
2.4. Glycocalyx staining
Terbium staining was performed according to Fehrenbach et al.
[12]. Cells were ¢xed in 2.5% glutaraldehyde in 0.05 M cacodylate
bu¡er containing 0.43% terbium chloride hexahydrate for 20 min
at room temperature. After two rinses in the same bu¡er, cells
were post¢xed in 1% osmium tetroxide and processed as described
above.
2.5. Electron spectroscopic imaging: imaging-spectrum EELS
The system is based on a Zeiss CEM902 (Oberkochen, Germany)
microscope which is coupled to a Kontron IBAS image analysis
system and linked to Visilog image analysis software running on a
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Fig. 1. a: An ‘imaging-spectrum’ (U20 000) of terbium stained gly-
cocalyx treated with Adobe Photoshop software. b: Manual deter-
minations of the boundaries delineate glycocalyx areas of about 0.5
Wm long and give for each zone the surface in pixel (S) and the
length (L) deduced from the coordinates of the ends of each zone
and therefore make it possible to calculate the thickness (t) as the
ratio S/L. c: Histogram of brightnesses of a delineated zone ob-
tained with 255 grey level resolution.
Fig. 2. TEM: a: after conventional processing, without counter-
staining, the cell membrane of THP-1 cell is slightly delineated
whereas RBC membrane and glycocalyx are not visible. b: After
terbium staining, glycocalyx is strongly evidenced. Bar = 0.2 Wm.
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Hewlett-Packard workstation. A PC is added to the network for im-
age archiving and rapid processing. The images are acquired via a
DAGE SIT 66 camera which has a low detection level. Series of 48
images, 256U256 pixels, are recorded between two energy losses en-
closing a given energy loss corresponding to the element to be de-
tected with a given energy step between two images of the series
(typically two series provide a su⁄cient energy loss range). Once the
series is recorded it is possible to select, with a simple click of a mouse
button, an area or a particular cluster of interest. The computation
process reads each grey level for each selected pixel of each image and
plots a curve, energy loss versus grey level, resulting in a correspond-
ing partial EELS spectrum. The recording time depends on the energy
of the edge of interest (the lower the energy loss, the lower the acquis-
ition time) and varies from 60 to 300 s. The post-processing is of great
importance because two major operations are performed on the re-
corded images: the spatial corrections and the elemental imaging cal-
culations. Two spatial corrections must be made: the ¢rst is a shading
correction required to take care of two phenomena: focalization of
the electron beam and signal dispersion in the camera. The second
correction concerns the drift of the specimen over long acquisition
times. For the elemental calculation the imaging-spectrum method
o¡ers great potential for the choice of the images and the background
calculation method (two or three image methods). Networking allows
a direct dialogue between the microscope and the external environ-
ment. For terbium we used the N4;5 edge located between 134 and 144
eV.
2.6. Image analysis of terbium ‘imaging-spectrum’
Once stored on disks from the Zeiss CEM 902 electron microscope
accessories, the ‘imaging-spectra’ (20 000U magni¢cation), all ob-
tained in the same conditions, were visualized (Fig. 1a) and analyzed
with Adobe Photoshop software (MacIntosh Version 3.0). It allowed
manual determinations of the boundaries. So it was possible to delin-
eate glycocalyx areas of about 0.5 Wm long (Fig. 1b). With the aid of
Photoshop software, it was easy to determine for each zone the sur-
face in pixel (S), the length (L) deduced from the coordinates of the
ends of each zone and therefore to calculate the thickness (t) as the
ratio S/L. The mean brightness of the delineated zones was also ob-
tained with 255 grey level resolution (Fig. 1c). Five to 15 such zones
were delineated for each area (free or bound) and the means calcu-
lated.
2.7. Immunoelectron microscopy
After adhesion tests, cell pellets were ¢xed during 1 h in 2% para-
formaldehyde and 0.075% glutaraldehyde in PBS, pH 7.4, dehydrated
in increasing concentrations of ethylic alcohol (70%, 90% and 100%),
embedded in Unicryl (Biocell) and polymerized under UV illumina-
tion for 72 h. All steps were performed at 4‡C. Ultrathin sections were
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Fig. 3. Terbium stained glycocalyx of THP-1 and RBC cell contacts. a: Zero loss image. Terbium and osmium contribute to the electron dense
staining. b: Terbium mapping with ESI. Brightness corresponds only to terbium and is correlated with its amount in the ultrathin section.
(U15 000, bar = 0.5 Wm); contrast is intense. c: Second derivative spectra show the presence of high amounts of terbium on the glycocalyx (1)
of contact areas, and very low amounts in THP-1 and RBC cell cytoplasm (2 and 3) and none in araldite (4)
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layered on nickel-copper grids and immunostained. Brie£y, sections
were exposed for 10 min to ClNH4 (50 mM) in PBS pH 7.4, 20 min in
PBS-SVF (10%), 60 min with monoclonal antibodies (anti-CD43: L60
(Becton Dickinson, San Jose, CA, USA), 1.25 Wg/ml or isotypic con-
trol, IgG1 (Immunotech, Marseille, France) 2.5 Wg/ml). After ¢ve
rinses of 10 min each in PBS-SVF, grids were incubated with 10 nm
colloidal gold conjugated anti-mouse IgG (Biocell, Cardi¡, UK) 1/30,
rinsed successively in PBS-SVF, PBS and distilled water and observed
with the electron microscope.
3. Results
3.1. Terbium stains glycocalyx with high speci¢city
With TEM, after conventional processing, without any
counterstaining, cell membranes are slightly delineated but
glycocalyces which are not electron dense are not visible on
electron micrographs (Fig. 2a). After terbium staining [12]
glycocalyces are strongly evidenced (Fig. 2b). With EELS, in
our working conditions, the zero loss image demonstrated the
presence of deposits mainly in the glycocalyx (Fig. 3a) and the
contrast resulting mainly from the presence of terbium and
osmium was rather good. To image terbium distribution, the
selected area EELS spectra were derived in order to allow
background subtraction and to increase the signal/noise ratio
for the terbium N4;5 edge located near 145 eV. Therefore, as
shown in Fig. 3b, the contrast was maximal on terbium im-
ages. In particular, glycocalyx was very accurately delineated
on THP-1 cells whereas araldite and cytoplasm of RBC were
devoid of any deposit and appeared completely black. How-
ever, some brightness is observed in THP-1 cell cytoplasm.
3.2. Terbium stains glycocalyx in contact areas between
THP-1 and RBC cells
As seen in Fig. 3a, terbium stained glycocalyx in both free
and contact areas between THP-1 and red blood cells. On
zero loss images (Fig. 3a), glycocalyx was dark and cytoplasm
remained pale, suggesting very low penetration of terbium
into the cell. This was con¢rmed on images obtained at the
N4;5 terbium edge (Fig. 3b) where glycocalyx appeared very
bright whereas RBC cytoplasm was rather black and THP-1
cell cytoplasm displayed very few deposits. Double derivative
spectra clearly evidenced the presence of high amounts of
terbium in the glycocalyx, its low amount in the cytoplasm
and its absence in the araldite (Fig. 3c).
3.3. Terbium stained glycocalyx thickness in THP-1^RBC
bound areas is approximately half of the sum of
glycocalyx thicknesses in free areas
Morphometric analysis of glycocalyx in free areas showed
that THP-1 cells and RBC did not display very di¡erent thick-
nesses (respectively 49.5 þ 4 nm and 39 þ 2 nm) which are not
signi¢cantly di¡erent from the thicknesses measured in con-
tact areas (41 þ 3 nm) (Fig. 4a).
3.4. Terbium stained glycocalyx density in THP-1^RBC bound
areas is not increased compared with free areas
As described above, the brightness of terbium images ob-
tained by ESI is correlated with the amount of glycocalyx
stained molecules. Therefore it was of interest to compare
the mean grey levels in free and bound cell membranes. Fig.
4b clearly shows there were no obvious di¡erences in RBC
coat brightness, either in free or in contact areas. Conversely,
cell coat brightness in THP-1^RBC contacts was decreased
compared to THP-1 glycocalyx brightness in free areas
(P6 0.025).
3.5. Ultrastructural immunolocalization of CD43
On electron micrographs of immunostained Unicryl sec-
tions, CD43 was found irregularly distributed on the cell sur-
face (Fig. 5a) and often accumulated on the microvilli of
THP-1 cells. Gold particles were absent from RBC mem-
branes, as expected, showing the speci¢city of the staining.
After adhesion with RBC, gold particles were scarce or absent
in contact areas; Fig. 5b is representative of the observations.
4. Discussion
The imaging-spectrum method [22,23] was used here to con-
¢rm the hypothesis that the pericellular matrix might contain
microdomains with di¡erent behavior during adhesion: peri-
cellular coat elements might be concentrated in some micro-
domains and rejected from others. We wanted to know if the
intercellular adhesion could modulate the pericellular cell coat
density.
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Fig. 4. a: Terbium stained glycocalyx thicknesses in free and bound
areas of THP-1 and RBC cells. Mean of respectively 9, 11, and
7 zones of several micrometers. b: Terbium stained glycocalyx
brightness (mean grey levels) in free and bound areas of THP-1 and
RBC cells corresponding to the same zones. *Decrease of brightness
in contact areas is signi¢cantly lower (P6 0.025) than in THP-1 cell
free areas.
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Our results strongly support the use of terbium as an opti-
mal reagent for staining the glycocalyx. Indeed, (i) terbium
readily labeled the cell surface, in accordance with previous
reports demonstrating that this cation bind mucopolysaccha-
rides [35] as well as some phospholipids [36] and cation bind-
ing sites of proteins such as bovine serum albumin [37] or
integrins [38]. (ii) In contrast with lanthanum ([39], and un-
published results), under our experimental conditions, terbium
displays minimal penetration into the cytoplasm, thus yielding
an excellent contrast. And (iii) speci¢c detection of terbium
distribution may be achieved with imaging-spectrum method-
ology.
According to Leapman and Andrews [40], EFTEM gave
rise to problems of interpretation, i.e. it is sometimes di⁄cult
to be sure that the brightness of an image corresponds only to
the presence of the element, particularly when high resolution
is required. Our conditions of observation and acquisition of
the images (described in detail in Section 2 and in our pre-
vious paper [23]) allowed us to assess that we obtained quan-
titative elemental maps of terbium and we present here a new
quantitative approach of EFTEM applied to biology. How-
ever, some problems must be solved before our approach may
be considered fully quantitative.
First, in our previous paper [39] we emphasized a di⁄cult
problem to overcome, which was the incidence of the plane of
the section which was minimized, by the choice of the plane
where the cell coat thickness was minimal. Stereological cor-
rection showed that the average apparent thickness of the
intersection between the glycocalyx and the section plane of
random orientation was twice the actual glycocalyx thickness
as previously described [9].
Second, a crucial problem in quantitative determination of
cell coat thickness and staining density is that insu⁄cient spa-
tial resolution of the apparatus might be responsible for an
artefactual correlation between the two parameters: a de-
crease of staining density would result in an artefactual de-
crease of estimated cell coat thickness. It was di⁄cult to def-
initely ascertain the glycocalyx thickness in our model and this
was also the case in the literature as the proposed sizes di¡er
greatly between various authors depending on the cell types
and the mode of detection [7,8]. Moreover, glycocalyx is
sometimes de¢ned as the 10 nm thick zone above the plasma
membrane whereas some authors (and ourselves) consider it is
the thick stainable extracellular domain, including the mucin-
like domain which extends 200^500 nm in extreme cases [41].
Third, we also have to keep in mind that this macromolec-
ular organization could be altered because of the collapse of
the cell coat with ¢xation and dehydration [42,43].
Fourth, terbium staining intensity in ESI resulted from the
number of stained molecules in the ultrathin sections, the
thickness of which was about 60 nm. If we assume that all
ultrathin sections had the same thickness (which is only par-
tially true as the variation could be 10 nm), we conclude that
variations in glycocalyx grey levels resulted from variations in
density of terbium stained molecules.
Despite these di⁄culties, our results strongly support the
view that cell adhesion involved the exit of a proportion of
glycocalyx elements from contact areas. Indeed, a part of the
glycocalyx molecules had to be compressed after adhesion
since the terbium thickness in bound areas was not higher
than in free areas; second, a part of the cell coat molecules
have probably migrated from contact areas since the terbium
density in bound areas is not the sum of the densities in THP-
1 cells and RBC free areas. Moreover, cell coat brightness in
contact areas is lower than in free areas of THP-1 cells. Lee et
al. [41] have proposed following an adaptation of De Gennes’
model [44] that proteoglycans could exhibit two con¢gura-
tions: ‘brush-like’ and ‘mushroom’, depending on their den-
sity. It is then possible that cell coats modi¢ed their con¢g-
uration in the contact areas. Moreover, we demonstrated the
mobility of CD43 and its redistribution during adhesion.
Ultrastructural immunogold localization performed on
post-embedded material is expected to give reliable results
for pericellular labeling [45]. Immunogold is highly speci¢c
and labeling occurred on THP-1 cell surface but neither in
the cytoplasm nor on RBC. The extent of labeling is not
very high but it is known that labeling e⁄ciency cannot be
better in our conditions [45], which ensure good morpholog-
ical preservation of contact areas. Labeling was absent from
contact areas (clearly demonstrating the redistribution of
CD43 after adhesion). A lack of access of the monoclonal
antibodies to the antigenic site was not probable as gold par-
ticles were visible in the folds of the microvilli (Fig. 5b), the
access to which did not seem easier than in contact areas.
CD43 redistribution could not result from cross-linking of
monoclonal antibodies as the localization of the molecule is
performed on post-embedded sections. Similar results were
obtained by immuno£uorescence on living cells [46]. Such
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Fig. 5. Post-embedded immunogold localization of CD43 (with L60)
on ultrathin Unicryl sections. Control experiments with irrelevant
IgG1 yielded no labeling (data not shown). a: Gold particles (10
nm) are irregularly distributed in patches on the cell surface and
preferentially accumulated on the microvilli (thin arrow). There is
no labeling on RBC which do not display CD43 molecules. b: Gold
particles are present on the microvilli and in the foldings of the
membrane (thin arrow) but the contact areas are devoid of labeling
(large arrow). Bar = 0.5 Wm (U26 000).
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migration of the molecule was also demonstrated in lymphoid
cells where stimuli such as attachment to ¢bronectin or
VCAM-1 induced a polarization at the cell uropod in the
presence of CD43 monoclonal antibodis [47].
In conclusion, once EFTEM begins to be employed in bi-
ology [40], ESI will be rarely used as a quantitative method
[48] and we propose it as a very sensitive method, convenient
to detect variations of pericellular molecules during adhesion
in agreement with the results of immunoelectron microscopy.
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